Abstract The widespread volcanism on the Jovian moon Io is powered by tidal heating, yet we lack a deep understanding of how this distinctive heating process affects the locations, timing, or intensities of Io's eruptions. We show that the quasiperiodic behavior of the volcano Loki Patera in 1987-2018 matches the timescales for the evolution of Io's eccentricity and semimajor axis (~480 and~460 days). If this orbital forcing is driving Loki Patera's variability, a low-pass geophysical filter such as poroelastic flow, or a resonant amplification of Io's wobble, could account for the importance of these long-period orbital variations despite their small amplitudes. The peak volcanic response is predicted to roughly coincide with Io's maximum eccentricity, consistent with the observations. High-cadence observations over the next several years have the potential to conclusively discriminate between orbital versus geophysical control of Loki Patera's variability.
Introduction
Io is the only object in the Solar System other than Earth that is known to currently host widespread active volcanism. Io's tidally heated interior and lack of plate tectonics result in mantle and crustal conditions that contrast sharply with those of Earth (Khurana et al., 2011) , providing an opportunity to understand how global planetary properties control tectonics and volcanism. Tidal stresses on a body's interior vary periodically with orbital phase, modulated by longer-term orbital changes. On Earth, seismic activity has been associated with ocean tides (Tolstoy et al., 2002) . On Saturn's tidally heated moon Enceladus, water plumes jetting out from the south pole vary in strength with Enceladus' orbital phase (Hedman et al., 2013) . This latter effect has been attributed to changes in the width of south polar fissures as the tidal stresses change over the course of an orbit (Hurford et al., 2007; Kite & Rubin, 2016; Nimmo et al., 2014) . Longer-period modulations on this variability have also been observed, which may arise from an 11-year cycle in Enceladus' orbital eccentricity (Ingersoll & Ewald, 2017 ).
An analogous correlation between Io's volcanic activity and diurnal tides has not been detected to date and has been searched for at least in the case of Loki Patera . However, as with Enceladus, Io's 1.77-day orbit is also modulated on longer timescales due to interactions with other objects in the system. The highest-amplitude cycles in orbital eccentricity and semimajor axis on timescales relevant to the observations follow periods of 480-484 and 461-464 days, respectively; given the relative amplitudes of these effects, the eccentricity variations should dominate the changes in tidal energy dissipation.
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Key Points:
• Loki Patera, Io's most powerful volcano, exhibits variability on the same timescale as the evolution of Io's orbital eccentricity and semimajor axis • A geophysical mechanism such as poroelastic flow could amplify the importance of long-period tidal stresses relative to diurnal stresses in driving volcanism
Supporting Information:
• Supporting Information S1
• Data Set S1
Correspondence to: Observations of activity at individual Ionian volcanoes go back more than three decades (Veeder et al., 1994) . In recent years, ground-based observations have substantially increased the number and cadence of measurements of activity at individual volcanoes, enhancing the suitability of the volcanic timelines for statistical comparison with cycles in Io's orbital eccentricity. The available measurements for the volcano Loki Patera are particularly extensive. This volcano puts out 10-15% of Io's total heat flow (Veeder et al., 1994) , more than any other single volcano on Io, and has exhibited episodic brightenings since it was first observed in the 1980s Rathbun et al., 2002) . Rathbun et al. (2002) calculated that the brightenings were periodic with a period of 540 days, although the exact interval between successive events varied by a number of months. Since then, seven more brightening cycles have been observed, and the total number of measurements has more than doubled.
Methods and Results
The timeline of Loki Patera's activity over the time period from 1987 to 2018, as measured from its nearinfrared brightness, is shown in Figure 1a overplotted on Io's orbital eccentricity, which is smoothed to remove short-period oscillations and highlight the 480-day periodicity. The points shown in the plot and used in the analysis are the 3.5-3.8-μm brightnesses of Loki Patera derived from ground-based and Galileo NIMS data sets and corrected for geometric foreshortening (Davies et al., 2012; de Kleer et al., 2019; de Kleer & de Pater, 2016; Rathbun & Spencer, 2006 Rathbun et al., 2002 ). Io's orbital eccentricity is determined for each orbit from the minimum and maximum Io-Jupiter distance over the course of the orbit, calculated from JPL Horizons data. Figure 1b shows the same data plotted against the phase in Io's eccentricity cycle. The brightness of Loki Patera is correlated with eccentricity phase with a Spearman R coefficient of 0.39 and a p value of 10 −12 , indicating a moderate positive correlation with a very low probability of random occurrence.
While this correlation is suggestive, a test such as this measures significance against the null hypothesis of random data, while measurements of Loki Patera's infrared brightness are clearly not independent due to the finite duration of volcanic events. To remove bias due to temporally correlated data points, we then treat each brightening cycle as a single event and determine the timing of the event by fitting a gaussian model with a duration and peak fixed at typical values. Uncertainties on the timing are determined from the earliest and latest event timing consistent with the data. For time intervals when no observations were made for longer than a typical event duration, we also determine the range of possible timings for a potential undetected event. Models for all detected and plausible undetected events are shown on the timeline of Loki Patera's infrared brightness in Figure 2a , and the timing of each event peak is shown as a function of eccentricity phase in Figure 2b .
The bright, clearly detected events (black data points) tend to peak near 0°phase. This feature is responsible for the correlation seen in Figure 1b ; no brightness above 100 GW/μm/sr is seen between phases of 90°and 270°. However, the interval between events clearly varies by up to a few months, and the events overall do not occur at any preferential phase in Io's eccentricity cycle when the anomalous and plausible undetected events are included. If Loki Patera's activity is tidally controlled, the lack of consistent event phasing relative to Io's eccentricity indicates that a crustal or geological factor must be adding stochasticity to the exact event timing. Indeed, magma propagation through the lithosphere is inherently unsteady and nonuniform, so exact repeatability of each cycle cannot be expected. A similar drift in phase is seen in deep moonquake clusters (Weber et al., 2010) , which are almost certainly driven by tides (Kawamura et al., 2017; Weber et al., 2009) . Figure 3a shows the day number at which each event peaks; the best-fit slope of 454.5 days/event is somewhat shorter than the 480-484 days of the eccentricity period, although the best-fit period would be longer if fewer undetected events were assumed. The residuals from this fit are shown in Figure 3b and do not show systematic trends.
We explore best-fit periods to the data, without assuming a priori how many undetected events occurred, by creating gaussian models as described above but forcing such models to be strictly periodic and fitting for the best period. Such fits find two maxima: at 452-458 (most preferred) and 479-482 days. The most preferred model (454 days) is shown with the data in Figure 4a , and the data are shown phased to this period in Figure 4b .
The irregular spacing of events results in several periods that emerge in a Fourier analysis, including both 454 and 480 days, though no peak in this range is statistically significant. The most significant period found by a periodogram is at 5,000 days, which is equal to eleven 454.5-day cycles. The upcoming few years of data will reveal whether this feature repeats in the 2019-2023 events or is a chance alignment of the stochastic component of the event timing.
These analyses show that the existing data are consistent with periodic behavior at either a 454-or 480-day period (with a stochastic timing component), both of which are remarkably close to the timescales for Io's orbital evolution. However, the current data set cannot distinguish whether Loki Patera's brightening timescale is driven by tidal stresses or whether it is set by geophysical factors and coincidentally aligns with the orbital evolution timescales. For example, the crust-foundering model (Matson et al., 2006; Rathbun et al., 2002; Rathbun & Spencer, 2006) could be made to match this timescale by tailoring the physical properties of the lava.
The limitation in distinguishing between scenarios is the large gaps in the coverage to date. A continuation of the high cadence coverage of Loki Patera that has taken place since 2013 due to the addition of sustained monitoring with the Keck and Gemini N telescopes (de Kleer et al., 2019; de Kleer & de Pater, 2016) would have the ability to isolate a single preferred period and distinguish between orbital and geophysical controls on the eruption timescale. A projection of the 454-day cycle predicts the next events to peak near OctoberNovember 2019, January 2021, and April 2022, while if events occur at 330-360°phase in the 480-day eccentricity cycle, the next events will peak around March 2020, July 2021, and November 2022. Although the expected timing variability is up to a few months, these predicted timelines eventually diverge measurably. More generally, if any single narrow frequency emerges that characterizes the variability, then the geophysical timescale hypothesis will be increasingly disfavored and eventually eliminated because volcanic cycles have no long-term (multicycle) memory and will eventually drift in phase. 
Discussion: Geophysical Interpretation
If future data confirm that Loki Patera's activity is driven by long-period tidal effects due to Io's orbital variations, this would provide key information on how tidal forcing translates into Io's surface volcanism. In a similar manner to Enceladus, Io is subject to orbitally generated stresses from long-period librations and semi-major axis variations. Such stresses could for instance trigger dike propagation, which, if ultimately driven by slow buildup of magma chamber pressure, is more likely to occur near the most favorable phase of the stress cycle. However, unlike Enceladus, the amplitude of these long-period variations is small compared to the diurnal variations. As an example, the diurnal longitudinal libration amplitude of 2e = 0.0084 radians is about 1,500 times the libration amplitude at the 1.3-year period (Henrard, 2005) .
For these small long-period variations to be important, either the larger short-period variations are being filtered out or the long-period variations are being amplified (or both). A similar effect is seen on Earth, where fortnightly tides are as effective at triggering seismic events as diurnal tides, despite being much smaller in amplitude (van der Elst et al., 2016) .
One promising filtering mechanism is poroelastic flow. The rate at which melt can be squeezed in and out of a partially molten reservoir depends on the period at which it is being forced, with longer periods leading to larger changes in melt level (see supplementary information; Doan & Brodsky, 2006; Hsieh et al., 1987; McKenzie, 1989; Nimmo et al., 2014; Smith-Konter & Pappalardo, 2008; Stolper et al., 1981; Turcotte & Schubert, 2002; Wang, 2000) . Although the relevant parameters are highly uncertain, this amplification factor could be of order 10 2 when comparing 500-day with diurnal forcings. The predicted peak poroelastic response matches or slightly leads the peak eccentricity values ( Figure S1 in the supporting information), consistent with the observations (Figure 1 ).
As a viscoelastic body, Io's tidal response will be frequency dependent. This provides one way of amplifying the effect of long-period variations. However, at least for one specific Io structural model (Bierson & Nimmo, 2016) , increasing the period by a factor of 300 only increases the tidal response by a factor of 2. A more promising amplification effect arises from Io's tendency to "wobble" (and generate stresses) in response to angular momentum perturbations. The calculated wobble period, taking Io's finite rigidity into account, is 460 ± 15 days (Zharkov & Sobisevich, 2005) , which overlaps with several of the long-period orbital element variations. This commensurability may be leading to resonant excitation of Io's wobble and thus enhanced longperiod stresses.
The longer-baseline observations discussed above will allow us to distinguish between resonant (e.g., wobble) and low-pass filter (e.g., poroelasticity) explanations. For instance, Io experiences longitudinal librations about twice the 1.3-year amplitude at 2,060 days (Henrard, 2005) . If Io is acting as a low-pass filter, then the response at 2,060 days should be a factor of a few larger than the currently observed effect. Conversely, if there is a resonance at~460 days, we should expect to see no response from Loki Patera at a 2060 day period. A resonantly enhanced wobble at Io could in principle be directly detected using ground-based radar observations, in a similar fashion to the measurement of Europa's obliquity (Margot et al., 2013) . The confirmation of either scenario from future data would represent the first evidence that tidal stresses directly influence the timing of Io's eruptions, providing new insight into the mechanisms by which tidal heating generates this satellite's extreme volcanism. 
